1.. Introduction {#s1}
================

Chickpea is among the most important food legumes of the world. To meet the dietary protein demand of the fast increasing global population, it is vital to raise the world-wide chickpea production and seed/pod yield potential. The seed size/100-seed weight, one of the most crucial seed and pod yield-contributing trait, has always been a trait of consumer preference and trade, besides an important component of domestication and adaptation in chickpea.^[@DSV004C1],[@DSV004C2]^ The enhanced productivity in chickpea can be effectively achieved by developing its high-yielding (increased seed size/weight) durable stress-tolerant improved varieties. Most of these yield-contributing (seed size/weight) and stress tolerance traits targeted for chickpea genetic enhancement are complex and quantitative in nature and governed by multiple major and/or minor genes/QTLs (quantitative trait loci). Identification and fine mapping/map-based cloning of genes underlying QTLs controlling important agronomic traits have been established as the most effective approach for quantitative dissection of these complex traits in crop plants, including chickpea. Significant efforts have been made towards identifying the QTLs associated with diverse yield component and abiotic/biotic stress tolerance traits \[including flowering and maturation time, plant growth habit, plant height, seed size/100-seed weight, double podding, seed/pod number per plant and harvest index, nodulation, disease resistance (*Fusarium* wilt, *Ascochyta* blight and *Botrytis* gray mold), and salinity and drought tolerance (root traits)\] in chickpea.^[@DSV004C3]--[@DSV004C27]^ However, only limited number of these QTLs alongside the QTLs regulating seed weight, nodulation, drought tolerance, and *Fusarium* wilt and *Ascochyta* blight resistance traits have been fine mapped till date and subsequently utilized for marker-assisted genetic improvement of chickpea.^[@DSV004C23],[@DSV004C24],[@DSV004C26]--[@DSV004C29]^ To drive the fine mapping of trait-regulating QTLs, the large-scale genotyping of simple sequence repeat (SSR) and prior discovered single-nucleotide polymorphism (SNP) markers in individuals of inter-/intra-specific mapping populations employing multiple high-throughput genotyping assays are found to be fairly suitable in chickpea.^[@DSV004C30]--[@DSV004C32],[@DSV004C24]^ This includes SSR markers-based genotyping assay like fluorescent dye-labelled automated fragment analyzer and array-based genotyping platforms, including Illumina GoldenGate/Infinium and Competitive Allele Specific PCR (KASPar) assays and MALDI-TOF (matrix-assisted laser desorption ionization-time of flight) mass array for large-scale genotyping of SNP markers. However, in chickpea with low marker genetic polymorphism, these approaches demand huge cost, labour, time and resources for detecting polymorphic markers between the parents of mapping populations and also sample-by-sample low-throughput genotyping of limited number of markers in a larger set of mapping individuals. Interestingly, the fine mapping of trait-associated QTLs has now become simpler and easy to accomplish with advent of a next-generation sequencing (NGS)-based genotyping-by-sequencing (GBS) assay that demonstrated its efficacy by simultaneous discovery and genotyping of SNPs in mapping individuals at a genome-wide scale.^[@DSV004C33]--[@DSV004C41]^ The need of extensive bioinformatics analysis and suitable computational genomics tools in SNP imputation and scanning of high-quality and non-erroneous SNP genotyping information, particularly from individuals of advanced generation mapping populations could restrain the use of GBS assay for molecular mapping of QTLs in preliminary populations of chickpea. Henceforth, efforts should be made to develop an alternative genome-wide strategy that involves less cost, time and labour for high-resolution QTL identification in chickpea.

In this perspective, a high-throughput genome-wide QTL-seq strategy that employs NGS technology for whole-genome resequencing of two DNA bulks of progeny from a segregating mapping population with extremely contrasting phenotypic trait values seems quite pertinent. Since its inception, this has become the most popular approach for quick identification of high-resolution robust and major QTLs controlling qualitative and quantitative traits in crop plants.^[@DSV004C42]^ Quite recently, this strategy when employed in preliminary F~2~ and advanced generation recombinant inbred line (RIL) mapping populations successfully identified major genes underlying QTLs associated with seedling vigour and blast resistance in rice and flowering time in cucumber.^[@DSV004C42],[@DSV004C43]^ The wider applicability and added advantages of QTL-seq over other traditional QTL mapping strategies available in diverse plant species have been truly realized.^[@DSV004C42],[@DSV004C43]^ Henceforth, its usage in rapid genome-wide scanning and fine mapping of major genes underlying robust QTLs in a large chickpea genome with narrow genetic base assumes relevance. This could eventually accelerate the genomics-assisted breeding as well as genetic improvement of chickpea with optimal use of resources.

As a proof of concept, the present study for the first time made an effort to implement a genome-wide NGS-based high-throughput QTL-seq approach in an intra-specific (*desi*) F~4~ mapping population (ICC 7184 × ICC 15061) for identifying a major genomic region harbouring the robust QTL associated with 100-seed weight in chickpea. The QTL-seq-derived major seed weight QTL was further validated by SNP and SSR marker-based classical QTL mapping. The integration of QTL-seq and traditional QTL mapping with differential expression profiling delineated a potential candidate gene at the major QTL interval regulating seed weight in chickpea. Mining of novel allelic variants and analysis of natural allelic diversity in this seed weight-associated potential gene across diverse cultivated and wild genotypes gave deeper insight into the complex seed weight trait evolution during chickpea domestication.

2.. Materials and methods {#s2}
=========================

2.1.. Phenotyping of mapping population for agronomic traits {#s2a}
------------------------------------------------------------

An intra-specific 221 F~4~ mapping population (ICC 7184 × ICC 15061) derived from low (*desi* cv. ICC 7184 with 100-seed weight 8.9 g) and high (*desi* cv. ICC 15061 with 30.1 g) seed weight landraces was developed by single seed descent method. The mapping individuals and parental genotypes were grown (following α-design field plot method) for three consecutive years (2010--13) with at least two replications during the crop growing season at two diverse geographical locations of India. The mapping individuals along with parental genotypes were phenotyped individually for 100-seed weight (SW). The SW (g) was estimated by considering the average weight (g) of 100-matured seeds at 10% moisture content by selecting 10--12 representative plants from each mapping individuals. The diverse statistical attributes, including coefficient of variation (CV), broad-sense heritability (H^2^), frequency distribution, correlation coefficient and analysis of variance (ANOVA) of SW in mapping population, were analysed using SPSS v17.0 (<http://www.spss.com/statistics>) and following the methods of Kujur *et al.*^[@DSV004C20],[@DSV004C21]^

2.2.. NGS-based whole-genome sequencing and QTL-seq analysis {#s2b}
------------------------------------------------------------

For QTL-seq study, 10 of each low and high seed weight homozygous mapping individuals representing two extreme ends of SW normal frequency distribution curve were screened based on the preliminary clues obtained from our conventional QTL mapping study. The homozygous genetic constitution of these individuals for either of the low and high seed weight trait was assured in QTL mapping through their multi-location/years replicated field phenotyping as well as genotyping of genome-wide well-distributed 96 SSR markers*.*^[@DSV004C20],[@DSV004C21]^ The high-quality genomic DNA isolated from fresh leaves of these homozygous mapping individuals was quantified (Qubit 2.0 Fluorometer, Life Technologies, USA) to equal concentration. The isolated genomic DNA from 10 of each low and high seed weight homozygous mapping individuals were pooled together with an equal ratio (amount) to constitute LSB (low seed weight bulk) and HSB (high seed weight bulk), respectively. About 5--10 µg of DNA isolated from two bulked samples and two parental genotypes were used to construct pair-end sequencing libraries (100-bp read length). These libraries were sequenced individually using HiSeq2000 (Illumina Inc., San Diego, CA, USA) NGS platform. The FASTQ raw sequence reads with a minimum *phred* Q-score of 30 across \>95% of nucleotide sequences were considered as high quality. These sequences were further rechecked for their quality using FASTQC v0.10.1. The filtered high-quality sequences obtained from two bulks and parental genotypes were aligned and mapped on to the reference *desi* (ICC 4958^[@DSV004C44]^) chickpea genome using Burrows-Wheeler alignment tool (BWA) with default parameters.^[@DSV004C45]^ The high-quality SNPs (minimum sequence read depth: 10 with SNP base quality ≥20) were discovered using SAM tools^[@DSV004C46]^ and following the detail procedures of Lu *et al.*^[@DSV004C43]^ and Takagi *et al.*^[@DSV004C42]^

A well-documented QTL-seq approach relying on the estimation of SNP-index and Δ (SNP-index) (following the recommended parameters of Abe *et al.*^[@DSV004C47]^; Takagi *et al.*^[@DSV004C42]^; Lu *et al.*^[@DSV004C43]^) were used to identify candidate genomic region(s) harbouring the major QTL(s) associated with seed weight in chickpea. In our study, Δ (SNP-index) was measured based on subtraction of SNP-index (proportion of sequence reads supported the SNPs which are altogether different from the reference *desi* genome sequences) between LSW and HSW bulks. The SNP-index was measured as '0' and '1', when entire short sequence reads contained genomic fragments derived from ICC 7184 and ICC 15061, respectively. An average distribution of Δ (SNP-index) of SNPs physically mapped across eight *desi* chromosomes was estimated in a given genomic interval by using sliding window approach with 5 Mb window size and 10 kb increment. The Δ (SNP-index) of LSB and HSB and their corresponding SNP-index within the specified window size were plotted in a graph to generate SNP-index plots. To improve the accuracy of QTL identification through QTL-seq, we estimated the statistical confidence intervals of Δ (SNP-index) with a given read depth under the null hypothesis of no QTLs, following the detail procedures of Takagi *et al.*^[@DSV004C42]^ and Lu *et al.*^[@DSV004C43]^

2.3.. High-throughput genotyping of SNP and SSR markers in an intra-specific mapping population {#s2c}
-----------------------------------------------------------------------------------------------

To validate the major SW QTL identified by QTL-seq, the traditional QTL mapping by selecting the SNP and SSR markers (physically mapped on *desi* chromosome 1 in which major QTL was identified through QTL-seq) showing polymorphism between parental genotypes (ICC 7184 and ICC 15061) was performed. A selected 192 SNPs (physically mapped on *desi* chromosome 1) differentiating ICC 7184 and ICC 15061 were used for their validation and high-throughput genotyping in 192 representative mapping individuals and parental genotypes using Illumina GoldenGate assay. The custom oligo pool assay (OPA) designing, custom Sentrix Array Matrix (SAM) synthesis and GoldenGate SNP genotyping assays (including allele-specific oligonucleotide hybridization, and multiplexed primer extension and ligation reaction) were performed using the genomic DNA of mapping individuals and parental genotypes (following the standard manufacturer\'s protocol of Illumina, San Diego, CA, USA with minor modifications).^[@DSV004C31],[@DSV004C48]^ The hybridization of fluorescent dye-labelled PCR products onto a decoded SAM was performed using Illumina BeadArray Express Reader. The Illumina GenomeStudio Genotyping software V2011.1 was used for normalization of intensity data and assigning cluster positions of each SNP. To assign valid genotypes at each SNP locus and for measuring the reliability of SNP detection based on distribution of genotypic classes, minimum GenCall and GenTrain cut-off scores of 0.3 were used. The cluster separation score provided by GenCall software module for 192 mapping individuals and parental genotypes was optimized manually based on degree of separation between homozygous and heterozygous clusters as normalized θ value \[(2/π) Tan^−1^ (Cy5/Cy3)\] in each SNP locus.

Moreover, 48 previously reported genomic SSR markers^[@DSV004C49]--[@DSV004C51]^ (physically/genetically mapped on chromosome 1) showing polymorphism between parents of mapping population were selected. The synthesized SSR markers (normal and/or fluorescent dye-labelled) were PCR amplified in the genomic DNA of 192 selected mapping individuals and parental genotypes using touchdown thermal cycling profiling and standard PCR constituents^[@DSV004C20],[@DSV004C52]^ and resolved on 3.5% metaphor agarose gel and automated fragment analyzer. For automated fragment analysis, the amplified FAM-labelled PCR products along with ABI GeneScan-600 LIZ size standard (Applied Biosystems, IL, USA) were resolved in automated 96 capillary ABI 3730xl DNA Analyzer. The electropherogram containing trace files were analysed (as per Kujur *et al.*^[@DSV004C20]^) using GeneMapper V4.0.

2.4.. Traditional QTL mapping {#s2d}
-----------------------------

The SNP and SSR marker genotyping data showing goodness of fit to the expected Mendelian 1:1 segregation ratio were used for linkage analysis using JoinMap 4.1 (<http://www.kyazma.nl/index.php/mc.JoinMap>) at higher LOD (logarithm of odds) threshold (\>5.0) with Kosambi mapping function. The markers integrated into linkage group (LG) based on their centiMorgan (cM) genetic distance were designated corresponding to genetic/physical positions of markers (anchor SSR markers) mapped on the chromosome as reported by previous studies.^[@DSV004C49],[@DSV004C50],[@DSV004C53]--[@DSV004C56]^ The QTL mapping was performed by integrating the genotyping data of markers mapped on LG of intra-specific genetic map with multi-location/years replicated SW field phenotyping data of 192 mapping individuals. The composite interval mapping function of QTL Cartographer v2.5^[@DSV004C57]^ and multiple QTL model (MQM mapping) of MapQTL v6.1^[@DSV004C58]^ at significant (*P* ≤ 0.05) LOD threshold score of ≥4.0 (1,000 permutations) were used to estimate the phenotypic variation explained (PVE, *R*^2^%) by the QTLs and their additive effect on SW trait.

2.5.. Differential gene expression profiling {#s2e}
--------------------------------------------

To infer the gene regulation patterns during seed development, differential expression profiling using the genes annotated at the major genomic interval underlying a robust SW QTL (identified by both QTL-seq and traditional QTL mapping) was performed. The RNA isolated from different vegetative (leaf) and reproductive (seed) tissues and two seed developmental stages^[@DSV004C20],[@DSV004C21],[@DSV004C24]^ of low and high seed weight homozygous mapping individuals (used in QTL-seq analysis) and parental genotypes was amplified using the gene-specific primers via semi-quantitative and quantitative RT--PCR assays (following Kujur *et al.*^[@DSV004C20]^).

2.6.. Allele mining and natural allelic diversity in a seed weight-regulating candidate gene {#s2f}
--------------------------------------------------------------------------------------------

For mining the novel alleles and determining the natural allelic diversity, one SW-associated candidate gene validated by QTL-seq, traditional QTL mapping and differential expression profiling was targeted. The fragments covering the entire coding and non-coding sequence components (including 2 kb upstream and 1 kb downstream regulatory region) of this gene were amplified using the genomic DNA of 94 cultivated and wild chickpea genotypes (belonging to primary, secondary and tertiary gene pools^[@DSV004C59]^) along with mapping parents and individuals constituting the LSB and HSB. The amplicons were cloned and sequenced, and SNPs were mined within the gene following Kujur *et al.*^[@DSV004C20],[@DSV004C21]^ To estimate the average pair-wise nucleotide diversity (θπ) and Watterson\'s estimator of segregating sites (θω), the SNP genotyping data were analysed with MEGA v5.0^[@DSV004C60]^ and TASSEL v3.0 (<http://www.maizegenetics.net>).

3.. Results {#s3}
===========

3.1.. Genetic inheritance pattern of seed weight in an intra-specific chickpea mapping population {#s3a}
-------------------------------------------------------------------------------------------------

ANOVA indicated a significant difference of SW (7.0--34.9 g with 26--29% CV and 85--88% H^2^) in 221 F~4~ individuals and parental genotypes of an intra-specific mapping population (ICC 7184 × ICC 15061) across 3 yrs (2010--13) (Table [1](#DSV004TB1){ref-type="table"}). The continuous variation as well as normal frequency distribution of SW in mapping individuals and parental genotypes was apparent (Fig. [1](#DSV004F1){ref-type="fig"}). We observed a bi-directional transgressive segregation of SW beyond that of parental genotypes in the mapping population. All these collectively inferred the quantitative genetic inheritance pattern of SW in our developed mapping population of chickpea. Table 1.Statistical measures of 100-seed weight estimated in parental genotypes and 221 individuals of an intra-specific F~4~ mapping population (ICC 7184 × ICC 15061)TraitsYears^a^Parental genotypesF~4~ mapping populationHeritability (%)ICC 7184ICC 15061Mean ± S.D.RangeCoefficient of variation (CV%)100-seed weight (g) (SW)2010--119.1 ± 2.030.7 ± 2.117.2 ± 5.07.4--34.929852011--129.3 ± 2.729.5 ± 1.916.8 ± 4.37.1--33.526882012--138.8 ± 2.130.2 ± 1.716.3 ± 4.77.0--33.82987[^2] Figure 1.Frequency distribution of 100-seed weight (g) in 221 individuals and parental genotypes of an intra-specific F~4~ mapping population (ICC 7184 × ICC 15061) depicted goodness of fit to the normal distribution. In LSB (low seed weight bulk) and HSB (high seed weight bulk), 100-seed weight varied from 5 to 10 g (mean 8.5 g) and 30 to 35 g (32.8 g), respectively. This figure is available in black and white in print and in colour at *DNA Research* online.

3.2.. Identification and mapping of a major QTL governing seed weight using QTL-seq {#s3b}
-----------------------------------------------------------------------------------

The NGS-based high-throughput whole-genome resequencing of two parental genotypes as well as LSB and HSB of an intra-specific mapping population generated ∼61--65 millions of 100-bp high-quality short sequence reads covering 91--93% of reference *desi* genome. The comparative genome sequence analyses of these parental and bulk samples identified 118,321 high-quality SNPs (with read depth ≥10 and SNP base quality ≥20). The SNP-index of individual SNP differentiating the ICC 7184 and LSB from ICC 15061 and HSB was estimated. The average SNP-index across a 5 Mb genomic interval was measured individually in LSB and HSB using a 10-kb sliding window approach and plotted against all eight chromosomes of *desi* reference genome (Fig. [2](#DSV004F2){ref-type="fig"}). The Δ (SNP-index) was calculated by integrating the SNP-index information of LSB and HSB, and plotted against the genomic positions (Mb) of *desi* genome. Following the principle of SNP-index estimation in QTL-seq analysis,^[@DSV004C42],[@DSV004C43]^ a major genomic region (836,859 to 872,247 bp) on chromosome 1 displaying an average SNP-index of higher than 0.9 in HSB and lower than 0.1 in LSB was identified (Fig. [2](#DSV004F2){ref-type="fig"}). The detailed analysis of this target genomic region indicated that the low and high seed weight mapping individuals constituting the LSB and HSB contained most of the SNP alleles from ICC 7184 and ICC 15061, respectively. Moreover, one major genomic region \[CaSNP8 (836,859 bp) to CaSNP10 (872,247 bp)\] harbouring a SW QTL identified on chromosome 1 had Δ (SNP-index) value significantly different from 0 at 99% significance level (Figs [2](#DSV004F2){ref-type="fig"} and [3](#DSV004F3){ref-type="fig"}A and B). These findings by QTL-seq confirmed the presence of a major QTL (designated as *CaqSW1.1*) regulating SW at the 35 kb \[836,859 (CaSNP8) to 872,247 (CaSNP10) bp\] genomic interval on chromosome 1 of chickpea (Fig. [3](#DSV004F3){ref-type="fig"}A and B). All the SNPs localized at the target SW QTL (*CaqSW1.1*) interval (identified by QTL-seq) with expected allelic discrimination were further validated through resequencing of PCR amplicons amplified from the mapping individuals constituting the LSB and HSB, including parental genotypes. Figure 2.SNP-index graphs depicting the HSB (high seed weight bulk), LSW (low seed weight bulk) and Δ (SNP-index) graphs generated from QTL-seq study. The *X*-axis denotes the physical positions (Mb) of eight *desi* chickpea chromosomes. The *Y*-axis represents the SNP-index, which is estimated according to 5 Mb physical interval with a 10 kb sliding window. Using the statistical confidence intervals under null hypothesis of no QTL (*P* \< 0.05) as per Takagi *et al.,*^[@DSV004C42]^ the Δ (SNP-index) was plotted. One candidate major genomic interval (836,859--872,247 bp) (marked by asterisk) harbouring a robust SW QTL (*CaqSW1.1*) was defined using the criteria of SNP-index near to 1 and 0 in HSB and LSB, respectively, and the confidence value of Δ (SNP-index) above 0.5 (at significance level *P* \< 0.05). This figure is available in black and white in print and in colour at *DNA Research* online. Figure 3.Integration of QTL-seq-derived Δ (SNP-index) graph (A) and *desi* chickpea physical map (B) with traditional QTL mapping (C) identified and mapped one major genomic region underlying a robust SW QTL (*CaqSW1.1*) on 35 kb sequence interval (between marker CaSNP8 and CaSNP10) of chromosome 1. The structural and functional annotation of this target genomic interval was found to contain six protein-coding genes. One coding G/A SNP-carrying *CSN8* gene (tightly linked with *CaqSW1.1*) of these, considered as potential candidate for seed weight regulation in chickpea. The genetic (cM) and/or physical (bp) positions and identity of the markers mapped on the LG/chromosomes are specified on the left and right side of the chromosomes, respectively. The markers flanking/linked with the SW QTL intervals identified by QTL-seq and conventional QTL mapping are marked with red and green fonts/dotted lines, respectively. This figure is available in black and white in print and in colour at *DNA Research* online.

3.3.. Validation of QTL-seq-derived seed weight QTL through traditional QTL mapping {#s3c}
-----------------------------------------------------------------------------------

To check the accuracy of a major SW QTL identified by QTL-seq, the traditional QTL mapping was performed. For this, the genotyping data of 95 markers (including 87 SNPs and 8 genomic SSR anchor markers mapped on a high-density intra-specific genetic map of LG/chromosome 1) showing polymorphism between parental genotypes as well as LSB and HSB was integrated with multi-location/years replicated field phenotyping data of 192 F~4~ mapping individuals ([Supplementary Table S1](http://dnaresearch.oxfordjournals.org/lookup/suppl/doi:10.1093/dnares/dsv004/-/DC1), Fig. [3](#DSV004F3){ref-type="fig"}C). The interval mapping and composite interval mapping-based classical QTL analysis identified and mapped one major genomic region \[CaSNP7 (3.7 cM) to CaSNP12 (5.5 cM)\] harbouring a significant robust (LOD: 19.7) SW QTL (*CaqSW1.1*) (covered by seven SNP and SSR markers) on chickpea chromosome 1 (Fig. [3](#DSV004F3){ref-type="fig"}C). The integration of genetic linkage and physical map information of chickpea genome revealed correspondence of 1.8 cM SW QTL (*CaqSW1.1*) interval with 1,366,372 bp \[CaSNP7 (5,380,861 bp) to CaSNP12 (1,904,458 bp)\] genomic region on chromosome 1. The proportion of phenotypic variance explained (*R*^2^) by *CaqSW1.1* QTL was 47.6%. The identified *CaqSW1.1* QTL exhibiting consistent phenotypic expression, including major effect on SW trait variation across three geographical locations as well as years/seasons in field, was considered as 'robust QTL' as per Saxena *et al.*^[@DSV004C24]^ The positive additive gene effect of this QTL for increasing seed weight with effective allelic contribution from high seed weight genotype ICC 15061 was evident. In addition, one genomic region \[CaSNP50 (52.6 cM) to CaSNP55 (60.2 cM)\] underlying a robust SW QTL (*CaqSW1.2*) (8.7% *R*^2^ at LOD 5.4) covered with four SSR and SNP markers was identified and mapped on chromosome 1. This 7.6 cM target QTL interval showing positive additive effect corresponded to 139,393 bp \[CaSNP50 (5,537,208 bp) to CaSNP55 (5,676,601 bp)\] genomic region on chromosome 1.

3.4.. Delineation of a candidate gene at the major seed weight QTL interval by integrating QTL-seq and classical QTL mapping with differential expression profiling {#s3d}
-------------------------------------------------------------------------------------------------------------------------------------------------------------------

The correspondence of QTL-seq outcomes with classical QTL mapping inferred that one narrow 0.6 cM \[3.9 (CaSNP8) to 4.5 (CaSNP10) cM\] robust QTL (*CaqSW1.1*) interval harbouring a 35 kb major genomic region \[836,859 (CaSNP8) to 872,247 (CaSNP10) kb\] on chromosome 1 was associated with 100-seed weight in chickpea (Fig. [3](#DSV004F3){ref-type="fig"}C). The structural and functional annotation of this *CaqSW1.1* QTL region with *desi* genome annotation database identified six protein-coding candidate genes (Fig. [3](#DSV004F3){ref-type="fig"}D). Remarkably, one SNP locus (CaSNP8: G/A) in the coding region of constitutive photomorphogenic9 (COP9) signalosome complex subunit 8 (*CSN8*) gene showing tight linkage with a major SW robust QTL (*CaqSW1.1*) (based on single marker analysis of traditional QTL mapping) was considered as one of the potential candidate regulating seed weight in chickpea.

To delineate the potential candidate gene regulating seed weight in chickpea, differential expression profiling of six genes annotated at the 35 kb major genomic region underlying a *CaqSW1.1* QTL was performed. The RNA isolated from leaves and two seed developmental stages of low and high seed weight representative homozygous mapping individuals and parental genotypes was amplified with the six gene-based primers using semi-quantitative and quantitative RT--PCR assays (Fig. [4](#DSV004F4){ref-type="fig"}A). One SNP (G/A)-carrying *CSN8* gene of these, at *CaqSW1.1* QTL interval, exhibited seed-specific expression (compared with leaves) as well as pronounced up-regulation (\>7-folds) in high seed weight parental genotype (ICC 15061) and homozygous mapping individuals during seed development (Fig. [4](#DSV004F4){ref-type="fig"}B). However, this gene was down-regulated (\>3-folds) in seed developmental stages of low seed weight parental genotype (ICC 7184) and homozygous mapping individuals. These findings indicate that a *CSN*8 gene localized at the major SW QTL interval (*CaqSW1.1*) could be a potential candidate regulating seed weight in chickpea. Figure 4.(A) Hierarchical cluster display represented differential expression profiles of six genes underlying a major SW QTL (*CaqSW1.1*) (identified by QTL-seq and traditional QTL mapping) in diverse vegetative (leaf) and reproductive (seed) tissues and two seed developmental stages of high and low seed weight parental genotypes and representative homozygous individuals of an intra-specific mapping population (ICC 7184 × ICC 15061). The average log signal expression values of genes in various tissues and developmental stages was denoted at the top with a colour scale; in which green, black and red color signify low, medium and high level of expression, respectively. One *CSN8 desi* gene (Ca00071) showing seed-specific expression, including pronounced differential up-/down-regulation in high and low seed weight mapping individuals and parental genotypes during seed development, is marked with violet box. The structural and functional annotations of six genes are mentioned in the [Supplementary Table S2](http://dnaresearch.oxfordjournals.org/lookup/suppl/doi:10.1093/dnares/dsv004/-/DC1). The tissues/stages and genes used for expression profiling are indicated on the right and top side of expression map, respectively. An endogenous control *elongation factor-1 alpha* was used in quantitative RT--PCR assay for normalization of the expression values across different tissues/developmental stages of parents and mapping individuals. HLS: homozygous low seed weight; HHS: homozygous high seed weight; S1: seed development stage 1 (10--20 days after podding/DAP) and S2: seed development stage 2 (21-30 DAP). (B) Differential expression profiling of one coding SNP-carrying *CSN* gene harbouring a major SW QTL (*CaqSW1.1*) (identified by QTL-seq and traditional QTL mapping) in two seed developmental stages of high and low seed weight mapping individuals and parental genotypes (ICC 7184 and ICC 15061) compared with their respective vegetative leaf tissues using the quantitative RT--PCR assay. The gene expression in leaf tissues of mapping individuals and parents was considered as reference calibrator and assigned as 1. Each bar denotes the mean (± standard error) of three independent biological replicates with two technical replicates for each sample used in RT--PCR assay. \*Significant differences (LSD-ANOVA significance test) in gene expression at two seed developmental stages of low and high seed weight mapping individuals and parents compared with leaf at *P* \< 0.01. This figure is available in black and white in print and in colour at *DNA Research* online.

3.5.. Mining of novel allelic variants for understanding the natural allelic diversity in a seed weight-regulating gene {#s3e}
-----------------------------------------------------------------------------------------------------------------------

To infer the natural allelic diversity (functional molecular diversity), one SW-governing *CSN*8 gene validated by QTL-seq, classical QTL mapping and expression profiling was selected. The cloned fragments amplified from entire coding and non-coding regions (including 2 kb upstream and 1 kb downstream regulatory regions) of this 6,741 bp gene were sequenced among 94 cultivated and wild chickpea genotypes (encompassing primary, secondary and tertiary gene pools) along with mapping parents and individuals constituting the LSB and HSB (Fig. [5](#DSV004F5){ref-type="fig"}A). This analysis identified eight SNPs of which seven SNPs (five upstream and downstream regulatory and two coding SNPs) were polymorphic exclusively among the genotypes belonging to wild species. The remaining one coding SNP (G/A) tightly linked to a major *CaqSW1.1* QTL exhibited differentiation specifically among the cultivated *desi* and *kabuli* genotypes. This coding SNP further discriminated low seed weight mapping parental genotypes and all individuals of LSB from the high seed weight mapping parents and HSB individuals. A higher nucleotide diversity of SNPs discovered from a SW-associated *CSN8* gene in the wild species/accessions (mean θπ: 0.31 and θω: 0.28) compared with cultivated species/accessions (0.12 and 0.10) was evident. Figure 5.(A) Structural annotation of one candidate seed weight-regulating CSN8-domain containing COP9 signalosome gene delineated at *CaqSW1.1* major QTL interval by integrating QTL-seq with classical QTL mapping and differential expression profiling. Diverse coding (functional domain) and non-coding upstream (URR) and downstream (DRR) regulatory regions of gene are illustrated. One functionally relevant potential SNP (G/A) identified in the CDS of a *CSN* gene possibly regulating seed weight and development in chickpea is highlighted with red colour font. The cloned amplicon sequencing of this gene among 94 diverse wild and cultivated chickpea genotypes, including mapping parents and individuals constituting the LSB and HSB discovered altogether eight SNPs. This includes seven SNPs particularly mined from wild species/genotypes of primary, secondary and tertiary gene pools and one remaining coding SNP (G/A) from cultivated *desi* and *kabuli* genotypes, mapping parents and individuals of LSB and HSB. CDS: coding sequences. (B) Multiple sequence alignment depicting the amino acid sequence conservation of *desi* chickpea *CSN8* gene (Ca00071) with its orthologous gene (At4g14110) in *Arabidopsis thaliana* (*At*). The amino acid sequences with \>50% identity and similarity between two gene orthologs are shaded with black and grey colour, respectively. The functional domain region of gene is marked with red arrows. This figure is available in black and white in print and in colour at *DNA Research* online.

4.. Discussion {#s4}
==============

The present study identified and mapped one major genomic region harbouring a robust 100-seed weight QTL (*CaqSW1.1*) on chromosome 1 using an intra-specific *desi* chickpea mapping population via whole-genome NGS-based high-throughput QTL-seq approach. This QTL-seq (based on SNP-index)-derived SW QTL (*CaqSW1.1*) was further validated by SNP and SSR marker-based traditional QTL mapping (at higher LOD \>19). This suggests the validity and robustness of QTL-seq as a strategy for quick and efficient scanning of major QTL at a genome-wide scale in chickpea. The advantages of QTL-seq vis-a-vis other available traditional QTL mapping approaches (involving near-isogenic and recombinant inbred lines, Tuinstra *et al.*^[@DSV004C61]^; Monforte and Tanksley^[@DSV004C62]^; Loudet *et al.*^[@DSV004C63]^) to identify major QTLs governing seedling vigour, blast resistance and flowering time in crop plants (including rice and cucumber) for instance, have been recently reported.^[@DSV004C40],[@DSV004C41]^ Moreover, our study ascertained the wider applicability of QTL-seq approach both in preliminary as well as much advanced generation mapping populations (RILs) by identifying a major seed weight-regulatory QTL in an intra-specific F~4~ mapping population of chickpea. The narrowing down of 1.8 cM *CaqSW1.1* major QTL interval \[CaSNP7 (3.7 cM) to CaSNP12 (5.5 cM)\] identified by classical QTL mapping into 0.6 cM seed weight-associated QTL region \[CaSNP8 (3.9 cM) to -CaSNP10 (4.5 cM)\] through QTL-seq was evident. This reflects the potential of QTL-seq over traditional QTL analysis for high-resolution genome mapping and subsequent fine mapping of target candidate genomic region harbouring a major trait-associated QTL. The underlying reason could be the NGS-based high-throughput genome-wide SNP scan between parental genotypes and individuals selected under study with contrasting phenotypes (low and high seed weight) of an intra-specific mapping population. A much closer examination of SNP-index and Δ (SNP-index) among parental genotypes as well as individuals constituting the HSB and LSB at major *CaqSW1.1* QTL indicated minor contribution of ∼20% low seed weight alleles in high seed weight parental genotypes and mapping individuals. This is in line with transgressive segregation and quantitative genetic inheritance pattern of 100-seed weight observed in the intra-specific mapping population under study. The detection of another minor (\<10% *R*^2^ at LOD 5.4) SW QTL (*CaqSW1.2*) in chromosome 1 through traditional QTL mapping infers the possible shortcoming of QTL-seq approach to identify minor QTLs explaining low phenotypic variation specifically for quantitative agronomic traits. Further large-scale validation of these identified major (*CaqSW1.1*) and minor (*CaqSW1.2*) SW QTLs in diverse genetic background and/or through fine mapping/positional cloning is essential prior to their implementation in genomics-assisted breeding of chickpea for higher seed weight and yield.

The integration of QTL-seq with traditional QTL mapping (combining QTL-linked/flanking marker genetic and physical mapping information) narrowed down the 1.37 Mb \[CaSNP7 (5,380,861 bp) to CaSNP12 (1,904,458 bp) containing 177 genes\] major seed weight QTL region (*CaqSW1.1*) into a 35 kb physical interval \[CaSNP8 (836,859 bp) to CaSNP10 (872,247 bp) carrying six genes\] on chromosome 1, which explained ∼47.6% of the phenotypic variation of 100-seed weight. The differential expression profiling of six protein-coding genes annotated at this target genomic region further delimited the 35 kb physical interval into a coding SNP (G/A)-carrying potential *CSN8* gene. The seed-specific expression as well as pronounced differential up-/down-regulation of this candidate gene in high and low seed weight parental genotypes and homozygous mapping individuals during seed development was apparent. However, we could not find any SNPs in the 2 kb upstream and 1 kb downstream regulatory regions of a SW-associated *CSN* gene that showed differentiation among the cultivated *desi* and *kabuli* genotypes, including mapping parents and individuals of LSB and HSB. Therefore, speculating any possible correlation between regulatory sequence polymorphism and molecular mechanism underlying differential transcript accumulation of *CSN* gene during seed development especially in cultivated chickpea requires further experimentation. The sequence variant analysis targeting beyond the 2 kb upstream and 1 kb downstream regulatory regions of *CSN* gene may provide additional clues regarding its differential regulation during seed development in chickpea. The functional relevance of coding gene-derived SNPs for regulating diverse agronomic traits, including seed (grain) size/weight, have been well demonstrated in rice and chickpea.^[@DSV004C64]--[@DSV004C67],[@DSV004C20],[@DSV004C21]^ These findings collectively inferred that a combinatorial approach of QTL-seq, traditional QTL mapping and differential gene expression profiling have the potential to delineate one coding SNP (G/A)-carrying *CSN8* candidate gene at a major QTL interval regulating seed weight in chickpea. The implication of integrated genomic approach (combining genetic and association mapping with transcript profiling) to delineate potential candidate genes harbouring major trait-associated QTLs has been well documented in chickpea.^[@DSV004C20],[@DSV004C21],[@DSV004C24],[@DSV004C68]^ The non-congruence of two SW QTLs (*CaqSW1.1* and *CaSW1.2*) identified in our study with that of previously reported known SW QTLs^[@DSV004C2],[@DSV004C7],[@DSV004C20],[@DSV004C21],[@DSV004C24],[@DSV004C25],[@DSV004C68]--[@DSV004C71]^ (comparing genetic/physical positions of these QTLs-linked/flanking markers mapped on diverse intra-/inter-specific linkage maps) was observed. This suggests the population-specific genetic inheritance pattern of our identified novel QTLs regulating seed weight in chickpea. Henceforth, our proposed integrated strategy can be employed for rapid identification of major potential genes, QTLs and alleles associated with qualitative as well as quantitative traits in diverse crop plants. The novel allelic variants mined from the diverse coding and non-coding sequence components of one seed weight-associated *CSN8* gene revealed a dramatic reduction of natural allelic diversity in cultivated species/genotypes in contrast to wild species/genotypes encompassing primary, secondary and tertiary gene pools. In spite of higher allelic diversity in wild species/genotypes, one seed weight-associated locus (G/A) in *CSN8* gene was completely absent from all the wild genotypes. However, this potential seed weight-regulating gene locus was present in all the *desi* and *kabuli* genotypes of cultivated species. This clearly reflects the possible effect of strong artificial and/or natural selection pressure on this seed weight gene locus during chickpea domestication. Further analysis involving all the natural allelic variants mined and potential locus targeted by natural and/or artificial selection in a SW-governing gene is required to gain a deeper insight into the complex seed weight trait evolution in chickpea. This will further assist us to decipher the molecular mechanisms underlying fixation of such complex quantitative trait in domesticated chickpea that are adapted to diverse agro-climatic conditions.

The COP9 signalosome complex subunit 8 (*CSN8*) chickpea gene homolog having 83% amino acid sequence conservation with *Arabidopsis thaliana* gene (At4g14110) (Fig. [5](#DSV004F5){ref-type="fig"}B) is known to be a major factor controlling growth and development in multiple plant species, including *Arabidopsis*.^[@DSV004C72]--[@DSV004C76]^ This evolutionary conserved multi-protein gene complex is said to be involved in regulation of various E3 ubiquitin ligases and auxin response-mediated developmental pathways in crop plants.^[@DSV004C72],[@DSV004C73]^ However, functional validation and a detailed molecular characterization of this gene are required to understand its definite role in seed weight regulation in chickpea. Therefore, a major seed weight-regulating *CSN* gene identified at the robust QTL interval by integrating QTL-seq and classical QTL mapping with differential expression profiling, once functionally validated could be utilized as a potential candidate for marker-assisted genetic improvement of chickpea for enhancing its seed weight as well as yield.
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[^2]: ^a^One-way ANOVA probabilities (F-Prob) at *P* ≤ 0.01 showing significant trait variation in a mapping population across 3 yrs.
